During normal pupal-adult development, programmed cell death of the prothoracic gland of Manduca sexta proceeds via apoptosis. By employing the DNA laddering technique, the earliest sign of DNA fragmentation in the cells comprising the gland occurred on Day 5 of pupaladult development and DNA fragmentation peaked 1 day later. Since juvenile hormone (JH) is known to prevent adult development and since prothoracic gland degeneration occurs during the initial stages of adult development, we wished to determine the possible role of JH in prothoracic gland maintenance. JH was injected into pupae and the glands analyzed by DNA laddering and in situ TUNEL labeling. The administration of JH prevented apoptosis of the prothoracic gland even 11 days after JH injection into young pupae. The prothoracic glands remained intact and their ability to synthesize ecdysteroids was maintained at a fairly active level as ascertained by radioimmunoassay after in vitro incubation. The control glands had degenerated by this time and were almost devoid of ecdysteroidogenesis capability. Ultrastructural analysis confirmed that JH-treated prothoracic gland cells were rescued from the apoptotic sequence, i.e., nuclear condensation, cytoplasmic budding, and cell fragmentation. They exhibited a preserved smooth endoplasmic reticulum and intercellular channel system typical of active prothoracic gland cells. The composite data suggest that JH can both maintain and stimulate the prothoracic gland. Therefore, during normal pupal-adult metamorphosis the absence of JH is prerequisite for both the initiation and completion of prothoracic gland degeneration. 1998 Academic Press
Programmed cell death (PCD) generally occurs within a developmental context in response to physiological stimuli such as hormones and is dependent on de novo gene expression (see Wyllie et al., 1980; Bowen, 1993; Schwartz, 1995; Lockshin and Zakeri, 1996) , in contrast to necrosis, a pathological sequence leading to cell death in response to irreversible cell injury, and not requiring new gene expression (Lo et al., 1995) . The term PCD is usually taken as being synonymous with apoptosis, a process characterized by the condensation of nuclear chromatin that appears as one or several large homogeneous masses accumulating at the margin of the nuclear envelope, although these are examples of PCD not involving apoptosis. This is followed by compartmentalization of both the nucleoplasm and cytoplasm into membrane-bounded apoptotic bodies (Kerr et al., 1972 (Kerr et al., , 1987 Wyllie et al., 1980; Dai and Gilbert, 1997) . The morphological changes in the nucleus are usually linked to endogenous endonuclease activity that elicits internucleosomal DNA fragmentation (Wyllie, 1980; Wyllie et al., 1984) , while the molecular mechanisms of apoptosis remain unclear.
In both vertebrates and invertebrates naturally occur-1 To whom correspondence should be addressed.
ring cell death is a result of a developmental program often triggered by hormones, withdrawal of trophic factors and local cell-cell interactions. In insects, ecdysteroids play a central role in the cell death of many tissues and exhibit different roles depending on developmental stage. For example, early in pupal-adult metamorphosis the presence of increased ecdysteroids brought forth the death of certain cells (Weeks and Truman, 1985) , but at later stages the death of specific neurons and muscles is elicited by a decrease in the circulating ecdysteroid titer (Truman and Schwartz, 1984; Kimura and Truman, 1990) . 20-Hydroxyecdysone appears to act directly on the prothoracic glands since it stimulates cell death in vitro (Smith and Nijhout, 1983) . However, adult differentiation also depends on the absence of juvenile hormone (JH) (Wigglesworth, 1955; Gilbert, 1962) , the decline in JH titer during the final instar being necessary for metamorphosis to occur. Our previous studies on the changes occurring in the glandular components of the prothoracic glands during the pupal-adult development of Manduca sexta generated the first evidence that prothoracic glands undergo apoptosis (Dai and Gilbert, 1997) . The present data demonstrate that nuclear DNA cleavage is an early characteristic of prothoracic gland cell death but can be delayed significantly by JH.
MATERIALS AND METHODS

Animals
M. sexta were group reared on an artificial diet at 25°C, 60-70% RH and under a long day photoperiod (light:dark 16:8) (Vince and Gilbert, 1977) . The animals used were timed daily as follows: (P0), Day 0 pupae (within 24 h after pupation); (P1), (P2), (P3) pharate adults 1, 2, and 3 days after pupation.
Brain Extirpation and JH Injection
Brains were extirpated from Day 0 pupae (16-18 h after pupation). Animals were placed on ice and anaesthetized with carbon dioxide, and surgery was conducted through a small opening between the antennae (Judy, 1972) . After surgery the wound was sealed with molten wax. Sham-operated pupae served as controls.
JH II (Calbiochem-Behring Corp.) was dissolved in light mineral oil and 5 µg in 50 µl oil were injected (L. Riddiford, personal communication) into the dorsum of the thorax of Day 0 pupae (16-18 h after pupation). In the case of brainless pupae, injections were done 1 day after brain extirpation, i.e., Day 2 after pupation. Control animals were treated identically except for the omission of JH.
Quantification of Ecdysteroids
To measure the ability of the prothoracic glands to synthesize ecdysteroids, carefully dissected glands from animals at the designated stages were incubated in 25 µl Grace's medium at 25°C for 2 h. Aliquots of the medium were then removed and ecdysteroids were quantified by radioimmunoassay (RIA) (Warren and Gilbert, 1988) . Eight replicate analyses were conducted for each sample representing a critical stage.
Microscopy
For rapid histological observation, the thaw-mounted frozen sectioning technique was utilized as described previously (Dai and Gilbert, 1997) . The slides were analyzed and photographed under a bright field Nikon Optiphot-2 microscope. Five sample replicates from each critical stage during pupal-adult development were examined.
For electron microscopy, the dissected prothoracic glands were fixed immediately in a solution of 2% glutaraldehyde, 2% paraformaldehyde, and 1% tannic acid in 0.1 M cacodylate buffer (pH 7.4) for 2 h at 4°C and processed for postfixation, sectioning, and electron microscopy as described previously (Dai and Gilbert, 1997) .
TUNEL Labeling Method
TUNEL labeling (terminal deoxynucleotidyl transferase-mediated dUTP nick end-labeling) is basically a histological tool to identify DNA fragmentation of apoptotic cells. For this purpose, an in situ cell death detection kit (Boehringer-Mannheim, No. 1684809) was used according to manufacturer's instruction with some modifications. Terminal deoxynucleotidyl transferase (50 µl) was added to 450 µl label solution (nucleotide mixture) to obtain the TUNEL reaction mixture which was mixed well to equilibrate components and was kept on ice until use. Tissue sampling, freezing, and sectioning procedures were as described above except that the frozen sections used were 4 µm thick rather than 6 µm. Prior to TUNEL labeling, the sections were warmed, air-dried at room temperature, fixed with 4% paraformaldehyde, and washed with PBS for 20 and then 30 min. The slides were then incubated with permeabilizing solution (0.1% Triton X-100 in 0.1% sodium citrate) for 2 min on ice and rinsed twice with PBS. After quickly drying the area around the sections, the slides were incubated with 50 µl TUNEL reaction mixture at 37°C in a humidified chamber for 1 h, rinsed with PBS three times, and finally mounted with Oncor antifade medium under a glass coverslip sealed with clear fingernail polish and stored at Ϫ20°C in the dark.
The sections were viewed and photographed under a Nikon epifluorescence microscope, Optiphot-2, with a standard FITC excitation and emission filter and photographed with a Nikon photomicrographic attachment (Microflex UFX-DX) (see Dai and Gilbert, 1997, for details) . Three replicates from each designated stage were examined.
DNA Laddering Method
The DNA laddering and TUNEL labeling techniques are parallel strategies to identify apoptosis. We used a low molecular weight extraction protocol (R. Lockshin, personal communication) for DNA isolation. Either 30 or 50 prothoracic glands were lysed in lysis buffer (0.2% Triton X-100, 10 mM Tris-HCL, 10 mM EDTA, pH 7.5) on ice for 15 min and centrifuged at 12,000g (4°C) for 20 min. To the supernatant was added RNAse to a final concentration of 100 µg/ml and the solution incubated at 37°C for 1 h and extracted twice with phenol:chloroform:isoamyl alcohol (24:24:1) and once with chloroform:isoamyl alcohol (24:1). The DNA was precipitated with 5 M NaCl so that the final salt concentration was 300 mM and 2.5 vol ethanol were added and the mixture incubated overnight at Ϫ20°C. After centrifugation at 12,000g, the DNA pellet was washed with 75% ethanol, air dried, and finally suspended in TE buffer (10 mM Tris-HCl, 1 mM EDTA, pH 8) until further use.
For DNA end labeling, the terminal transferase kit (Boehringer-Mannheim, No. 220582) was used with [ 32 P]ddATP (Amersham, No. PB10233) (R. Lockshin, personal communication) . The reaction mixture contained 20 µl DNA, 10 µl 5ϫ dTd Buffer, 5 µl of 25 mM cobalt chloride 0.5 µl [ 32 P]ddATP, 1 µl terminal transferase, 13.5 µl H 2 O) and was incubated at 37°C for 1 h. EDTA (5 µl, 0.5 M, pH 8) was added and the tube placed at 70°C for 10 min, extracted with 1:1 phenol: chloroform, precipitated with 1/10 vol sodium acetate (3 M), 1 µl of glycogen (10 mg/ml), and 2.5 vol ethanol, and kept overnight at Ϫ20°C. After centrifugation the DNA pellet was washed in 75% ethanol, dried, and resuspended in 30 µl TE buffer. Each DNA sample (15 µl) was run on a 2% agarose gel in TAE buffer, 0.04 M Tris-acetate, 0.001 M EDTA, at 80 V. The agarose gel was dried at 60°C for 4 h and subjected to autoradiography.
RESULTS
The Effects of Exogenous JH on the Ecdysteroid Biosynthetic Capacity of the Prothoracic Glands during Pupal-Adult Development
The ecdysteroid biosynthetic capacity of the prothoracic glands in vitro as measured by RIA is a physiological parameter used here to determine the temporal sequence of glandular degeneration during pupaladult development. It was shown previously that the capacity of the prothoracic gland to synthesize ecdysteroids reached a peak 4 days after pupation, decreased drastically after Day 6, and then decreased further to the basal level, suggesting that the glands was degenerating by Day 6 of pupal-adult development (Dai and Gilbert, 1997) . However, the fate of the gland can be altered by injecting JH into early pupae. After injection of JH II into Day 0 pupae (16-18 h after pupation), the ecdysteroid biosynthetic activity of the prothoracic glands in vitro remained fairly high 11 days later, i.e., 12 days after pupation (Fig. 1) . Ecdysteroidogenesis by control glands not injected or receiving 50 µl light mineral oil decreased drastically by 6 days after pupation (7 days after oil injection) (Fig. 1) , confirming the postulate that JH is necessary for maintenance of the prothoracic gland (see Gilbert, 1962) . It should be noted that by 9 days after oil injection only a small portion of these glands was visible upon dissection and this was very fragile due to gland fragmentation. Ecdysteroidogenesis by such glands was basically undetectable. Enhanced ecdysteroidogenesis by the prothoracic glands was observed by 3 days after JH injection, 1 day before the control glands ( Fig. 1) , indicating that JH may also stimulate the prothoracic glands to synthesize ecdysteroids, either directly or indirectly. However, the wound resulting from the injection may also delay gland activation since in the case of uninjected control pupae, peak ecdysteroidogenesis was noted earlier than oilinjected controls and at about the same time as JHinjected animals (Fig. 1) .
Among hundreds of pupae injected with JH II, almost all had secreted a second layer of pupal cuticle over parts of the body by 10 days after injection (Fig.  1) . The resulting animals were pupal-adult intermediates displaying a continuum of morphological characteristics between pupa and adult, several being almost perfect second pupae. None of these intermediates enclosed and eventfully died 1-2 months after injection while the controls receiving oil alone completed normal adult development.
JH Inhibition of DNA Cleavage in Cells of the Prothoracic Glands during Pupal-Adult Development
Nuclear pycnosis and DNA cleavage in prothoracic gland cells were initiated 6 days after pupation and by Day 10 the nucleus of almost every cell appeared severely fragmented (Dai and Gilbert, 1997) . This temporal sequence was also observed here with the control animals receiving an injection of oil. That is, typical nuclear pycnosis, fragmentation, and DNA cleavage were evident by Day 9 after oil injection as detected by histological and TUNEL analysis, respectively (Figs. 2a and 2b) . However, these typical apoptotic characteristics were effectively prevented by exogenous JH. That is, 9 days after JH injection the prothoracic glands cells still exhibited all the features of active, healthy cells as seen in normal Day 3 or Day 4
FIG. 1.
Effects of juvenile hormone on ecdysteroid biosynthesis by the prothoracic gland in vitro during pupal-adult development. JH or light mineral oil was injected into Day 0 pupae (P0) within 16-18 h of pupation. Developmental stages, P2-P12, represent Days 2-12 after pupation. It should be emphasized that after oil or JH injection P2-P12 may not reflect normal developmental stages. There is usually a delay of 1 or 2 days due to the injection wound. The number in parentheses represents day(s) after injection. Ecdysteroid quantity is expressed in ecdysone equivalents. Each point is the SEM for eight gland incubations and analyses. The two open arrows indicate the day of injection and formation of the second layer of pupal cuticle after JH injection. The normal developmental profile data are from Dai and Gilbert (1997). animals. They exhibited a more globular shape, large size, healthy appearing nuclei and cytoplasm, light nuclear staining indicating the absence of nuclear condensation (Fig. 2c) , and no positive TUNEL labeling (Fig. 2d) .
In addition, the DNA laddering method was utilized since the presence of a nucleosomal ladder is an accepted characteristic for identifying the initiation of apoptosis (Tapamainen et al., 1993; Tilly, 1993) . Using this technique, it was confirmed that apoptosis is the form of PCD typifying the prothoracic gland during pupal-adult metamorphosis (Fig. 3) . The earliest detection of a nucleosomal ladder in a 50 prothoracic gland pool occurred with Day 5 prothoracic glands while a stronger ladder signal was detected in glands from P 6 animals. No significant laddering signal was noted before Day 5 (P 5 ). However, a nucleosomal ladder was not detected in glands from animals receiving JH 11 days previously (Fig. 4) , again indicating that exogenous JH prevented nuclear condensation and fragmentation of the prothoracic gland cell.
JH Effects on the Ultrastructure of the Prothoracic Glands
Prothoracic gland degeneration is characterized by nuclear condensation, cytoplasmic budding, disappearance of the smooth endoplasmic reticulum (SER), and fragmentation of the cytoplasm into membrane-bound bodies (Dai and Gilbert, 1997) . This ultrastructural sequence of glandular degeneration also applies to the control animals that in the present study received an injection of light mineral oil. In most cases the initiation of nuclear condensation occurred on Day 6 after oil injection (Fig. 4a ) in concert with a decreased rate of ecdysteroidogenesis (Fig. 1) . Numerous clear vesicles appeared in the cytoplasm at this stage (Fig. 4b) , indicating cell shrinkage as a result of the endocytosis of the cell membrane, while the mitochondria remained intact. The nuclei of some cells were highly fragmented on Day 7 and some nuclei exhibited condensed chromatin appearing as one or several large homogeneous masses that accumulated at the margin of the nuclear membrane (Figs. 4c and 4d) . By 10 days after injection, the shrunken cells appeared to fragment into small membrane-bound bodies, i.e., apoptotic bodies, often containing condensed masses of chromatin and usually engulfed by neighboring hemocytes (macrophages). Some partly degraded apoptotic bodies were frequently observed within macrophage lysosomes, suggesting impending degradation of the apoptotic bodies (Fig. 4c ) (see also Abrams et al., 1993; Kerr et al., 1994; Dai and Gilbert, 1997) .
The process of prothoracic gland degeneration continued until adult ecdysis in oil-injected animals just as in uninjected control animals, indicating that neither the injection nor the oil affected prothoracic gland degeneration. After injecting JH II into early pupae (16-18 h after pupation), the degeneration process was inhibited completely, or at least delayed significantly. As in normal pupal-adult development, when ecdysteroid production peaked 4 days after injection the nuclei of the cells of the prothoracic gland were fully developed with numerous, variable sized and shaped nuclear projections extending toward the periphery of the cell (Fig. 5a ). Abundant tubular SER dominated the cytoplasm (Fig. 5b) and the intercellular channel system was also fully developed, both characteristic of steroidogenic cells (Dai and Gilbert, 1991) . These ultrastructural features of an active gland remained until, or even beyond, the eleventh day after injection (Figs. 5c-5e), while the control glands (with or without oil injection) had fragmented into apoptotic bodies by Day 11 of pupal-adult development, indicating that JH prevents apoptosis at the subcellular level as well.
JH Effects on Ecdysteroid Biosynthesis by Prothoracic Glands of Brainless Pupae
During normal pupal-adult development the brain neuropeptide prothoracicotropic hormone (PTTH) is responsible for stimulating ecdysteroidogenesis by the prothoracic glands (see Gilbert et al., 1996) . It was important to know if in some of the studies discussed above JH enhances the prothoracic gland's capacity to synthesize ecdysteroids directly or indirectly via the brain. Brains were extirpated from Day 0 pupae (16-18 h after pupation), and 1 day later JH II was injected into these brainless pupae. The resulting data revealed that JH did stimulate ecdysteroid biosynthesis directly and that this stimulation lasted at least 11 days after the operation while the prothoracic glands of brainless animals not receiving JH remained inactive (Fig. 6) . However, the rate of ecdysteroidogenesis by prothoracic glands from JH injected brainless animals was lower than glands from either sham-operated animals or normal pupae receiving JH. This suggests that JH can also stimulate the brain to produce PTTH (Fig. 6) , and thus JH may act at several levels. 
FIG. 5.
Electron microscopic analysis of prothoracic gland cells from pupae injected with juvenile hormone 4 days (a, b) or 11 days (c-e) days previously. Nuclear envelop and nuclear projection (large arrow); cytoplasmic membrane invagination and intercellular channel system (small arrow); basal lamina (arrowhead); mitochondrion (M); nucleus (N); smooth endoplasmic reticulum (SER). Bar, 1 µm.
DISCUSSION
In both vertebrates and invertebrates PCD results from developmental programs often triggered by hormones or by the withdrawal of hormones and trophic factors, and local cell-cell interactions (Oppenheim, 1985; see Truman, 1984) . Apoptotic events can be initiated by the direct action of the steroid hormone such as glucocorticoids eliciting apoptosis in thymocytes or by a decreasing titer of the hormone such as removal of sex hormones resulting in apoptosis in the prostate and uterine epithelium (see Thompson, 1994) . Cell death during amphibian metamorphosis is under the control of thyroid hormone which when administered early in development results in precocious metamorphosis. Prolactin can negate this effect of thyroid hormone administration (Tata, 1994) . This is analogous to the ecdysteroid-juvenile hormone relationship in the present study, and in neither case is the mode of action of the hormone (prolactin or JH) known.
DNA fragmentation is an early hallmark for apoptosis and therefore an important criterion for identifying the type of PCD. That is, if DNA fragmentation occurs during the early stage of PCD, then apoptosis is the specific form of PCD in that instance (see Lockshin and Zakeri, 1996) . Apoptosis is only one form of PCD, others not displaying an apoptotic morphology (see Clarke, 1990; Schwartz, 1995) . Although this distinction appears very clear, the technique used to identify DNA fragmentation, such as the DNA laddering technique, is quite critical. Using this technique, laddering was detected during the early stage of the degenerating prothoracic gland of Manduca, strongly indicating that the process is apoptotic. The temporal sequence of DNA fragmentation is almost identical to that detected previously by the TUNEL method (Dai and Gilbert, 1997) . It should be noted that there are two forms of DNA lysis in apoptotic cells. The principal form yields end products that are large segments of DNA while the other form yields DNA units consisting of multiples of 180 bp, a result of endonuclease action where cleavage sites occur between nucleosomes (Wyllie, 1980) . The latter regularly spaced pieces form the ladders noted here in apoptotic prothoracic gland cells when subjected to PAGE, while the large pieces of DNA are seen under the electron microscope (see Thompson, 1994) .
DNA ladders were also detected in cells from both labial glands and intersegmental muscle during the pupal-adult development of Manduca (Zakeri et al., 1993; R. Lockshin, personal communication) . The cells of the labial gland and intersegmental muscle appear to die synchronously, i.e., death occurs abruptly in 100% of the cells and endonucleolytic cleavage of DNA is only a late event in the process. This suggests that activation of an endonuclease is neither a trigger nor a requisite component of the early phases of developmental PCD in these tissues (Zakeri et al., 1993) . However, in the case of the prothoracic glands both our previous results (Dai and Gilbert, 1997) and the current laddering data reveal that glandular degeneration during metamorphosis appears to be a gradual rather than an abrupt process, the former being characteristic of the prothoracic gland portion of the ring gland of Drosophila (Dai and Gilbert, 1991) . This suggests that the temporal response of individual gland cells to the PCD signal may be different. However, internucleosomal DNA fragmentation within an individual cell may be a rather rapid apoptotic event since it was detected immediately after the initiation of PCD, e.g., 5 to 6 days FIG. 6. Effects of juvenile hormone injection on ecdysteroid biosynthesis by the prothoracic gland in vitro. JH injection occurred 1 day after pupal brain extirpation or into Day 0 pupae (brain intact). Although P 6 and P 12 represent Days 6 and 12 after pupation for the controls, the experimental animals were not at that stage: the number in parentheses indicates day(s) after injection. Ecdysteroid quantity is expressed in ecdysone equivalents. Each point is the average ϮSEM for eight gland incubations and analyses.
after pupation following the ecdysteroid surge. This indicates that the chronology of apoptosis may be tissue-or gland-specific even in the same animal.
It has been suggested that prolactin interferes with thyroid hormone receptor ontogeny (Tata, 1994) and this may be the case for JH in the prothoracic gland as well. In the case of the prothoracic glands, degeneration occurs when the molting process is initiated in the absence of JH (Wigglesworth, 1955; Gilbert, 1962 ) and the present data show a classical apoptotic sequence of cellular events when this occurs. The glands have undergone reprogramming from the larval to pupal state having been exposed to the small ecdysteroid peak responsible for cell reprogramming (Riddiford, 1976) on about Day 3 of the fifth larval instar, and this experience may be important for their susceptibility to ecdysteroid seen here on Day 5 of pupal-adult development. The ecdysteroid receptor (EcR) complex is present in the prothoracic gland (Song and Gilbert, unpublished information) as would be predicted since the glands are downregulated by an increased ecdysteroid titer, i.e., negative feedback. If the sensitivity of the prothoracic gland to ecdysteroid is dependent upon the EcR concentration, JH could maintain the glands by interfering with the increase in EcR concentration elicited by the circulating ecdysteroids (Song and Gilbert, unpublished information) as has been postulated for the thyroid hormone-prolactin system in amphibians noted above. This possibility is currently being pursued in our laboratory. Thus, in the absence of JH, the prothoracic glands initiate and modulate adult development by synthesizing and secreting large quantities of ecdysteroid and in that way also elicit their self destruction, i.e., it is a suicidal event for the glands. In the case of the Drosophila ring gland, the prothoracic gland cells and those of the corpora allata are in contact and are exposed to the same hormonal milieu. The prothoracic glands degenerate after pupaladult development has begun but the corpora allata migrate and give rise to the adult gland that plays a role in reproduction (Dai and Gilbert, 1991) . Is it possible that the two glands react differently to the same hormonal environment because the corpora allata do not have the increased EcR concentration required for PCD?
Finally, in addition to its maintenance function, JH acts as a tropic factor by stimulating ecdysteroidogenesis in the prothoracic glands of various insects (see Sakurai and Gilbert, 1990) . The present experiments with brainless animals confirmed this tropic function in Manduca. The data also suggest that JH may stimulate PTTH secretion from the brain retrocerebral complex as well, since the ecdysteroid biosynthetic capacity of JH-injected pupae having an intact brain is significantly greater than that of JH-injected brainless pupae. This tropic effect of JH will be investigated further in vitro.
